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GLIIHUHQW LQGXVWULHV 31& PD\ DYDLO OLJKWHUZHLJKW WR KLJK VWUHQJWK DOWHUQDWLYHV WR FRQYHQWLRQDO SODVWLFPDWHULDOV
6FKDIHUHWDO 5DWQD DQG6DQFKH]HWDO  DQGPDQ\PRUH H[SODLQHGWKHXVHRIQDQRILOOHUV LQWKH
SRO\PHULFPDWHULDOV IRUGHYHORSPHQWRIPXOWLIXQFWLRQDOPDWHULDOV $PRQJWKHYDULRXVDYDLODEOHQDQRILOOHUVFDUERQ
QDQRWXEHVKDYHEHHQYLHZHG DVWKHPRVWSURPLVLQJPDWHULDO LQWKHDUHDRI 31& DVSHU,MMLPD  *RMQ\HWDO
 DQG $MD\DQ HW DO  VWXGLHG SXULILHG DUFGLVFKDUJHPXOWLZDOO FDUERQQDQRWXEHV 0:17ZKLFKZHUH
GLVSHUVHG LQ D OLTXLG HSR[\ EDVH UHVLQ E\ PHFKDQLFDO VWLUULQJ PHWKRG 7KH IXWXUH RI 31& WHFKQRORJ\ LV WUXO\
ERXQGOHVVKRZHYHUFRVW LVRQHRI WKHUHVWULFWLRQVIRU&17EDVHG 31&7KHUHDUHYDULRXVQDQRILOOHUV VXJJHVWE\
0DULDHWDODUH XVHGIRU31& VXFKDVQDQRFOD\FDUERQEODFN&%FDUERQQDQRWXEHV&17JODVVILEUHV
HWF 2XWRIWKDWLWLVSODQQHGWRVWXG\RQFOD\DVDQDQRILOOHULQWKHSRO\PHUPDWUL[ $GGLWLRQRIFOD\ZLWK SRO\PHUV
KDVVKRZQWKH LPSURYHPHQWLQPHFKDQLFDOSURSHUWLHV,QWKHSDVW WZRGHFDGHV 3|WVFKNHHWDODQG 0HLQFNH
HW DO  GHYHORSHG WKH LGHD RI XVLQJ OD\HUHG FOD\ PLQHUDOV IRU 31& DSSOLFDWLRQV ,W LV IRXQG WKDW 31& KDV
IORXULVKHG UHVXOWLQJ LQ WKH GHYHORSPHQW RI DGYDQFHG PDWHULDOV ZLWK LPSURYHG PHFKDQLFDO WKHUPDO HOHFWULFDO
EDUULHUDQGRSWLFDOSURSHUWLHV 7KLVSURJUHVVZDVHQDEOHGE\WKHXWLOL]DWLRQRIVSHFLDOO\GHVLJQHGRUJDQRSKLOLFFOD\
DVQDQRILOOHUVLQ 31& E\ 3|WVFKNHHWDO  DQG 
,QWKLVVWXG\HSR[\FDUER[\OWHUPLQDWHGEXWDGLHQH QLWULOH&7%1 ZLWKYDU\LQJFRQFHQWUDWLRQRIFOD\V\VWHPLV
SODQQHGWRRSWLPL]H WKURXJK YDULRXVFKDUDFWHUL]DWLRQWHFKQLTXHV (SR[\LVD FRSRO\PHUKHDYLO\FURVVOLQNHG DQGLV
WKXV ULJLG DQG VWURQJ 7KH VWUHQJWK RI HSR[\ DGKHVLYHV LV GHJUDGHG DW WHPSHUDWXUHV DERYH  )  & 7KH
DSSOLFDWLRQV IRU HSR[\ EDVHG PDWHULDOV DUH H[WHQVLYH DQG LQFOXGH FRDWLQJV DGKHVLYHV DQG FRPSRVLWH PDWHULDOV
(SR[LHV DUH NQRZQ IRU WKHLU H[FHOOHQW DGKHVLRQ FKHPLFDO DQG KHDW UHVLVWDQFH JRRG WR H[FHOOHQW PHFKDQLFDO
SURSHUWLHVDQGYHU\JRRG HOHFWULFDOLQVXODWLQJ SURSHUWLHV(SR[\V\VWHPVDUHXVHGLQLQGXVWULDOWRROLQJDSSOLFDWLRQVWR
SURGXFH PRXOGV PDVWHU PRGHOV ODPLQDWHV FDVWLQJV IL[WXUHV DQG RWKHU LQGXVWULDO SURGXFWLRQ DLGV 7KLV SODVWLF
WRROLQJUHSODFHVPHWDO ZRRG DQGRWKHUWUDGLWLRQDOPDWHULDOV DQGJHQHUDOO\LPSURYHVWKHHIILFLHQF\DQGHLWKHUORZHUV
WKHRYHUDOOFRVWRUVKRUWHQVWKHOHDGWLPHIRUPDQ\LQGXVWULDOSURFHVVHV (SR[\ZDVVHOHFWHGIRU31&DVLWVKRZVORZ
FUHHS EHKDYLRXU KRZHYHU LW KDV DOVR KLJKPHFKDQLFDO SURSHUWLHV KLJK KHDW GLVWRUWLRQ WHPSHUDWXUH DQG H[FHOOHQW
GLPHQVLRQDOVWDELOLW\ >+DJJHQPXODU @ 7RHQKDQFHWKHWRXJKQHVVRIFXUHGHSR[\UHVLQYDULRXVUHDFWLYHOLTXLG
UXEEHUV KDYH EHHQ LQFRUSRUDWHG &DUER[\O WHUPLQDWHG EXWDGLHQH QLWULOH &7%1 LV VHOHFWHG IRU WKLV VWXG\
>.DJDQRYVNLL @&7%1KDVPXWXDOVROXELOLW\ZLWKHSR[\UHVLQEXWGRHVQRWKDYHLWZLWKFXUHGHSR[\UHVLQDQG
WKHUHLQIRUPVDGLVSHUVHGUXEEHUSDUWLFOHSKDVHDQGVHUYHVDVDFXVKLRQLQJPDWHULDOWRSUHYHQWFUDFNV
'HVSLWH RI LWV KLJK VWUHQJWK FXUHG HSR[\ UHVLQ KDV WKH SUREOHP RI EULWWOHQHVV GXH WR LWV SRRU HODVWLFLW\ 7KH
WRXJKHQLQJ HIIHFW RI WKH SKDVH VHSDUDWHG UXEEHU SDUWLFOHV VXJJHVWHG E\ 0F*DUU\ HW DO   DQG 2VXPL
 LV HQKDQFHG E\ WKH SUHVHQFH RI WKH QDQRILOOHUV WKURXJK D FKDQJH LQ WKH PRUSKRORJ\ DV SHU0DULD HW DO
 7KH UXEEHU V\VWHP WKDW KDV DWWUDFWHG WKH PRVW DWWHQWLRQ LV WKH IDPLO\ RI FRSRO\PHUV RI EXWDGLHQH DQG
DFU\ORQLWULOH WKHVH DUH FRPPHUFLDOO\ DYDLODEOHZLWKGLIIHUHQW DFU\ORQLWULOH FRQWHQWV UDQJLQJ IURPZW:LWK
MXVW  SKU SDUWV SHU KXQGUHG SDUWV UHVLQV UXEEHU PRGLILHU WKH IUDFWXUH WRXJKQHVV RI PRGLILHG HSR[\ UHVLQV
LQFUHDVHVGUDPDWLFDOO\ZLWKRQO\VOLJKWUHGXFWLRQLQWKHJODVVWUDQVLWLRQWHPSHUDWXUHDQGWKHPRGXOXV7KHSXUSRVHV
RIDGGLQJHODVWLFDWHGDJHQWVLQFOXGHWKH IROORZLQJLPSURYHPHQWVLQPHFKDQLFDOVWUHQJWKSUHYHQWLRQRIFUDFNVGXH
WR WKHUPDOGLVWRUWLRQDQGUHGXFWLRQRIGLVWRUWLRQDQG LPSURYHPHQWV LQDGKHVLYHQHVVSDUWLFXODUO\ LPSURYHPHQWV LQ
SHHO VWUHQJWKE\ LPSDUWLQJHODVWLFLW\ WRGLVSHUVH VWUHVVHV )XUWKHUPRUHDIWHURSWLPL]DWLRQRI WKH UXEEHU WRXJKHQHG
EOHQGVRIHSR[\DQG&7%1FOD\LVPL[HGDVDQDQRILOOHUPDWHULDODVDQGZWLQDSKUFRPSRVLWLRQ
7KHVH VDPSOHVZHUHSODQQHG IRU WHQVLOH WHVW 6DPSOHVKDYLQJJRRG LPSURYHPHQWGXULQJ WHQVLOH WHVW ZHUH IXUWKHU
FKDUDFWHUL]HGIRU'07$'6& ;5' DQG6(0DQDO\VLV
 ([SHULPHQWDO
0DWHULDOVDQGVSHFLPHQSUHSDUDWLRQ
7KH V\QWKHVLV RI SRO\PHU QDQRFRPSRVLWHV 31& LV DQ LQWHJUDO DVSHFW RI SRO\PHU QDQRWHFKQRORJ\ )RU WKH
HSR[\&7%1FOD\ QDQRFRPSRVLWHVHSR[\UHVLQZDVVXSSOLHGE\&LED$WXO/WG$KPHGDEDGXQGHUWKHWUDGHQDPH
/<,WKDVYLVFRVLW\03DVDW R&GHQVLW\JFP DW R&DQG HTXLYDOHQWZHLJKW
 LVXVHGIRUIXUWKHUVWXG\ (SR[\UHVLQLVKDYLQJ VWRLFKLRPHWULF UDWLR &DUER[\OJURXSWHUPLQDWHGEXWDGLHQH
QLWULOH &7%1 ZDV VXSSOLHG E\ &9& WKHUPRVHW VSHFLHV XQGHU WKH WUDGH QDPH DV ; &7%1 ,W KDV
%URRNVILHOGYLVFRVLW\DW R& VSHFLILFJUDYLW\ DW R&PROHFXODUZHLJKW 1DQRPHU
,( QDQRFOD\LVDVXUIDFHPRGLILHGPRQWPRULOORQLWHPLQHUDO &OD\ZDVVXSSOLHGE\1DQRFRU86$,WKDVVSHFLILF
JUDYLW\GHQVLW\ JFP DQGPHDQGU\SDUWLFOHVL]H PLFURQV WKLFNQHVV OHVVWKDQc
789 Bhagwan F. Jogi et al. /  Procedia Materials Science  5 ( 2014 )  787 – 794 
7KH PRGLILHG HSR[\ UHVLQV DUH SUHSDUHG E\ D VLPSOH DGGLWLYH PHWKRG RU D ³SUHUHDFWHG´ PHWKRG 6DOYHWDW HW DO
 'LIIHUHQWSDUWVSHUKXQGUHGSKURI&7%1DUHSUHSDUHGE\PL[LQJ&7%1DQGHSR[\UHVLQ
SKUDUHWKHFRPELQDWLRQVDUHSODQQHGWRSUHSDUHPRGLILHGHSR[\DOVRNQRZQDVUXEEHUWRXJKHQHGHSR[\YL]
SKU VDPSOHKDV JPRI HSR[\ JPRI&7%1DQGJPRIWULSKHQ\OSKRVSKLQH733 WRSURPRWHWKHUHDFWLRQV
EHWZHHQWKHFDUER[\OLFJURXSVDQGWKHHSR[\JURXSVDWUHODWLYHO\ORZWHPSHUDWXUH DUHPL[HGWRJHWKHULQDWKUHHQHFN
URXQGERWWRPIODVN+RZHYHU733DFWVDVFDWDO\VWKDYLQJDERXWZWRIHSR[\7KLVSURFHVVRIPRGLI\LQJHSR[\
LV DOVRNQRZQDVSUHUHDFWLRQ$PHFKDQLFDOVWLUUHUIRUWKUHHQHFNVURXQGERWWRPIODVNDORQJZLWKSRWHQWLRPHWHULV
XVHGWRJHWUHJXODWHGVSHHGRIURWDWLRQ7HPSHUDWXUHDURXQG R&LVPDLQWDLQHGGXULQJWKHFRPSOHWLRQRIUHDFWLRQ
LQ WKH IODVN7KHUHDFWLRQ LVFDUULHGRXW IRUKRXUVE\PDLQWDLQLQJ WKHFRQVWDQW WHPSHUDWXUHDW R&7KHVDPH
SURFHGXUHLVIROORZHGWRSUHSDUHDOOSKUFRPSRVLWLRQV7RFKHFNWKHFRPSOHWLRQRIWKHUHDFWLRQRIHSR[\DQG&7%1
DFLG YDOXH LV FDOFXODWHG E\ IROORZLQJ IRUPXOD$FLG YDOXH %5; 1RUPDOLW\ RI1D2+RU.2+  ZHLJKW RI
VDPSOHLQJPZKHUH%56WDQGVIRUEXUHWWHUHDGLQJ,IDFLGYDOXHLVIRXQG]HURLWPHDQWWKDWUHDFWLRQLVRYHU
1DQRPHU QDQRFOD\LVHDVLO\GLVSHUVHGLQOLTXLGHSR[\UHVLQVXVLQJPHGLXPVKHDUFRZOV SDGGOHRUWXUERPL[HU
%DQGHOLQSUREHXOWUDVRQLFDWRUZDVXVHGIRUXOWUDVRQLFDWLRQRI31&V )RUEHVWUHVXOWVWKHUHVLQVKRXOGEHSUHKHDWHG
WR  & 1DQRPHU LV WKHQ GRVHG VORZO\ LQWR UHVLQ ZKLOH PL[LQJ $IWHU  PLQXWHV D VPRRWK XQLIRUP
GLVSHUVLRQZLOOUHVXOWPD\EHDFKLHYHG2VXPLHWDOVXJJHVWHGIHZFXULQJPHWKRGV)RUWKLVVWXG\-HIIDPLQH
LVVHOHFWHGDVDFXULQJDJHQW,WLVVXSSOLHGE\6LJPD$OGULFKKDYLQJPROHFXODUZHLJKWDQGPROUDWLR
ZLWKHSR[\ 7KHFXULQJWLPHIRUFOD\ZDVSODQQHGDVKRXUV7KLVRSHUDWLRQLVIROORZHGE\SRVWFXULQJRIFOD\DW
 R& IRU  KRXUV &XUHG PDWHULDO LV GHJDVVHG DQG PRXOGHG XQGHU QRUPDO FRQGLWLRQV $V 1DQRPHU QDQRFOD\
GLVSHUVHV WRKLJKVXUIDFHDUHDDQGKDYLQJ VPDOOSDUWLFOHV VL]H UHVLQYLVFRVLW\PD\EH LQFUHDVHG6XIILFLHQWPL[LQJ
HQHUJ\PXVWEHXVHGWRFRPSHQVDWHIRUWKHLQFUHDVHGYLVFRVLW\&XULQJF\FOHLVPDLQWDLQHGVDPHGXULQJDOOVDPSOH
SUHSDUDWLRQ:KHQDVROXWLRQRIUXEEHULQHSR[\LVFXUHGUXEEHUSDUWLFOHVSUHFLSLWDWHRXWDVDVHFRQGSKDVH
&KDUDFWHUL]DWLRQ
9DULRXV WHQVLOH SURSHUWLHV GHWHUPLQHG E\ XVLQJ XQLYHUVDO WHVWLQJ PDFKLQH 870 870 +RXQVILHOG 7LQLXV
2OVHQ  .1 JLYHV WKH UHVXOW RI VWUHVVVWUDLQ FXUYH 7HVW VSHFLPHQ GLPHQVLRQV DQG WROHUDQFHV DV SHU VWDQGDUG
$670'*DXJHOHQJWKPPZLGWKPPWKLFNQHVVPP ,QWHQVLOHWHVWLQJD³GRJERQH´VKDSHGVDPSOH
LVSODFHG LQ WKHJULSVRIPRYDEOHDQGVWDWLRQDU\ IL[WXUHV LQDVFUHZGULYHQGHYLFHZKLFKSXOOV WKHVDPSOHXQWLO LW
EUHDNVDQGPHDVXUHVDSSOLHGORDGYHUVXVHORQJDWLRQRIWKHVDPSOH 7KHWHVWLQJSURFHVVUHTXLUHVVSHFLILFJULSVORDG
FHOODQGH[WHQVRPHWHUIRUHDFKPDWHULDODQGVDPSOHW\SH7KHORDGFHOOLVDILQHO\FDOLEUDWHGWUDQVGXFHUWKDWSURYLGHV
D SUHFLVH PHDVXUHPHQW RI WKH ORDG DSSOLHG 7KH H[WHQVRPHWHU LV FDOLEUDWHG WR PHDVXUH WKH VPDOOHVW HORQJDWLRQV
(ORQJDWLRQ LV W\SLFDOO\PHDVXUHGE\ WKH H[WHQVRPHWHU LQ YROWV DQGPXVW EH FRQYHUWHG WRPLOOLPHWUHV0HFKDQLFDO
SURSHUWLHVDUHGHWHUPLQHGIURPDVWUHVVYVVWUDLQSORWRIWKHORDGDQGHORQJDWLRQGDWD
'\QDPLF PHFKDQLFDO DQDO\VLV '0$ ZLOO EH XVHG WR JDWKHU HODVWLF PRGXOXV GDWD ZKLFK GHWHUPLQHV HODVWLF
PRGXOXVORVVPRGXOXVDQGGDPSLQJ FRHIILFLHQWDVDIXQFWLRQRIWHPSHUDWXUHIUHTXHQF\DQGRUWLPH7KHDSSURDFK
LVRIWHQXVHG WRGHWHUPLQHJODVV WUDQVLWLRQ WHPSHUDWXUHDVZHOO6DPSOHV LQ'07$GHSHQGLQJRQ WKHHTXLSPHQW
FDQEHTXLWHVPDOOLQWKHUDQJHRIPP[PP[PP7KH'07$DSSOLHVWRUVLRQDORVFLOODWLRQWRWKHVDPSOH
ZKLOH VORZO\PRYLQJ WKURXJK WKH VSHFLILHG WHPSHUDWXUH UDQJH '07$KDGFDUULHGRXWXVLQJ*DER LQ WKHEHQGLQJ
PRGHDQGWKHIXUQDFHZLOOKHDWDW.PLQIURP WR&ZLWKD IUHTXHQF\RI+]7KHIXUQDFHKDGIOXVKHG
ZLWKOLTXLGQLWURJHQWKURXJKRXWWKHPHDVXUHPHQWVWRSUHYHQWR[LGDWLYHGHJUDGDWLRQRIWKHVDPSOHV
'LIIHUHQWLDO6FDQQLQJ&DORULPHWU\'6&LVWKHPRVWZLGHO\XVHGWHFKQLTXHRIDOOWKHWKHUPDODQDO\VLVPHWKRGV
,QDKHDWIOX['6&PDFKLQHWKHPHDVXUHG VDPSOH LVSODFHGLQDQDOXPLQLXPSDQZKHUHDVDQHPSW\DOXPLQLXPSDQ
VHUYHV DV WKH UHIHUHQFH 7KHVH WZR SDQV DUH SXW RQ DQ HOHFWULFDOO\ KHDWHG SODWH LQ RUGHU WR PDNH VXUH WKDW WKH
WHPSHUDWXUH LQ WKH VDPSOH LV WKH VDPHDV LQ WKHUHIHUHQFH9LD WKRVHSODWHVDQG WKHSDQVKHDW LV WUDQVIHUUHG WR WKH
VDPSOHDQGWKHUHIHUHQFHZLWKWKHXVHRIDGHILQHGFRPSXWHUFRQWUROOHGKHDWLQJSURJUDP 7KHGLIIHUHQWLDOKHDWIOX[
WRWKHVDPSOHDQGWKHUHIHUHQFHDVZHOODVWKHVDPSOHWHPSHUDWXUHDUHPHDVXUHG7KHRXWSXWRID'6& PHDVXUHPHQW
WKHVRFDOOHGWKHUPRJUDPLVDSORWRIWKHGLIIHUHQFHRIKHDWGHOLYHUHGWRWKHVDPSOHDQGWRWKHUHIHUHQFHDVDIXQFWLRQ
RIWKHVDPSOHWHPSHUDWXUH *ODVVWUDQVLWLRQV WHPSHUDWXUH 7J PD\RFFXUDVWKHWHPSHUDWXUHRIDQ DPRUSKRXV VROLGLQ
31& 7$,QVWUXPHQWV4PDFKLQHZDVXVHGWRFDUU\RXWWKH'6&WHVWVDWR&ZDVWKHUDPSZLWKWHPSHUDWXUH
WRR&
;UD\ GLIIUDFWLRQ ;5' LV D XVHIXO WRRO IRU GHWHUPLQLQJ WKH VWUXFWXUH RI SRO\PHU QDQRFRPSRVLWHV ;5' FDQ
GHWHFWWKHSHULRGLFDOO\VWDFNHGRI FOD\ OD\HUV :KHQWKHUHLVDSHDN GHSLFWV FOD\VWDFNV IXUWKHU LQGLFDWH FKDQJHV RI 
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µG¶ VSDFLQJRU JDOOHU\ VSDFLQJ;5'DQDO\VLV RI WKH VDPSOHV DUH FDUULHGRXW RQ 5LJDNX 8OWLPD ,,, GLIIUDFWRPHWHU
.9P$ &X.ĮVRXUFHȜ  cWRFKHFN NWKHH[IROLDWLRQFKDUDFWHULVWLFV7KHVFDQQLQJșUDQJHLVR
WRR ZLWKDVFDQQLQJUDJHRI R PLQ 6FDQQLQJHOHFWURQPLFURVFRS\6(0ZLOOEHXVHGWRGHWHUPLQHGLVWULEXWLRQ
RI FOD\ SDUWLFOHV DQG WR H[DPLQH IUDFWXUH VXUIDFHV 7KH 6(0 FRQVLVWV RI DQ HOHFWURQ JXQ SURGXFLQJ D VRXUFH RI
HOHFWURQVDWDQHQHUJ\UDQJHRINH97KHHOHFWURQEHDPLQWHUDFWVZLWKWKHQHDUVXUIDFHUHJLRQRIWKHVSHFLPHQWR
DGHSWKRIDERXWȝPDQGJHQHUDWHVVLJQDOVXVHGWRIRUPDQLPDJH 6SXWWHUFRDWLQJ RQ QRQFRQGXFWLYHVDPSOHVZLWK
DILQHJROGOD\HULVRIWHQ SURYLGHGWRDYRLG FKDUJLQJ
 5HVXOWVDQG'LVFXVVLRQ
7HQVLOHSURSHUWLHVRI HSR[\&7%1 EOHQGV LQWKHSUHVHQFHRIFOD\
7KHPHFKDQLFDOEHKDYLRXURIEOHQGVLVVWURQJO\GHFLGHGE\WKHFRQWULEXWLRQRIHDFKFRPSRQHQWPDWUL[DQG ILOOHU
WKHSKDVHPRUSKRORJ\DQGWKHLQWHUIDFLDODGKHVLRQEHWZHHQWKHSKDVHV SOD\VLPSRUWDQWUROHIRUGHILQLQJWKHPDWHULDO
SURSHUWLHV,WLVZHOOUHDOL]HGWKDWHORQJDWLRQDWEUHDNDQGWRXJKQHVVDUHWKHLPSRUWDQWWRROVWRPRQLWRUWKHDGKHVLRQ
EHWZHHQSKDVHVHSR[\DQG&7%1ZKHUHDV WKHWHQVLOHVWUHQJWKLVUHODWHGWRWKHPRUSKRORJ\ $QHIILFLHQWZD\WR
WRXJKHQHSR[\LVWREOHQGZLWKUXEEHU\SKDVH&7%1,WLVRSWLPL]HGE\YDU\LQJ&7%1IURPSKU
DQGSKUDVVKRZQLQWDEOH$OOWKHFRPSRVLWLRQV RISKU QHDWHSR[\ DQGSKU ZLWK&7%1 ZHUH
PDGHLQSUHVHQFHDQGDEVHQFHRI FOD\ 7KHWRXJKHQLQJHIIHFWZDVDOVRWDNHQLQWRFRQVLGHUDWLRQWRRSWLPL]HUXEEHU
FRQFHQWUDWLRQ 7R LQYHVWLJDWH WKH HIIHFW RI &7%1 DQG FOD\ UHLQIRUFHPHQW RQ WKH PHFKDQLFDO SURSHUWLHV RI WKH
HSR[\&7%1 PDWUL[ WHQVLOH WHVWLQJ KDV EHHQ FDUULHG RXW 7KH HIIHFWV RI EOHQGLQJ VHTXHQFH RQ WKH PHFKDQLFDO
EHKDYLRXURIWKHEOHQGVKDYHDOVREHHQLQYHVWLJDWHG 7KHUHVXOWV DUHLOOXVWUDWHGLQWKHWDEOH 
7DEOH7HQVLOHYDOXHVREWDLQHGE\DGGLWLRQRI YDU\LQJFRQFHQWUDWLRQRI &7%1ZLWKHSR[\V\VWHP
&7%1&RPSRVLWLRQSDUWVKXQGUHG 0RGXOXV03D 7HQVLOHVWUHQJWK03D (ORQJDWLRQDWEUHDN 
   
   
   
   
   
 SKU QHDW HSR[\ LV VKRZLQJ KLJKHVW VWUHVV KDYLQJ EULWWOH QDWXUH RI WKH PDWHULDO $GGLWLRQ RI &7%1 UXEEHU
GHFUHDVHVWKHEULWWOHQDWXUHLQDOOFRPSRVLWLRQV ,WLVIRXQG WKDW PRGXOXVZDVGHFUHDVLQJZLWKLQFUHDVLQJSHUFHQWDJH
RI UXEEHU &7%1 DV VKRZQ LQ WKH 7DEOH  $W WKH VDPH WLPH WHQVLOH VWUHQJWK ZDV DOVR IRXQG WR EH GHFUHDVLQJ
+RZHYHU DV UXEEHUSHUFHQWDJHLQFUHDVHVHORQJDWLRQ DWEUHDN LV IRXQGWREHLQFUHDVHG ,WPD\EH REVHUYHGWKDW SKU
VDPSOHLV EHWWHU IRUPHFKDQLFDO7HQVLOHSURSHUWLHV DQGIXUWKHUDQDO\VLV +RZHYHU IXUWKHU ZW FOD\ORDGLQJZDV
GRQHZLWKDOO SKU FRPSRVLWLRQV ,WLV IXUWKHU REVHUYHGIURP 7DEOHZKLFKVKRZV WKHREWDLQHGWHQVLOHWHVWYDOXHVDIWHU
ORDGLQJZWRIFOD\ LQDOOSKUHQKDQFHPHQWLQWHQVLOHSURSHUWLHVZDVIRXQGKLJKHU LQWKHFDVHRISKU&7%1
DGGLWLRQVZLWKHSR[\,WFDQEHVHHQDIWHUDGGLWLRQRIFOD\ GHSLFWV LPSURYHPHQWLQ WKH PRGXOXVDVZHOODVLQWHQVLOH
VWUHQJWKDVFRPSDUHGWRSODLQSKUV\VWHP
7DEOH 7HQVLOHYDOXHVREWDLQHGE\DGGLWLRQRI ZW FOD\LQ HSR[\&7%1V\VWHP
&7%1&RPSRVLWLRQSDUWVKXQGUHG 0RGXOXV03D 7HQVLOHVWUHQJWK03D (ORQJDWLRQDWEUHDN
   
   
   
   
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7KH FOD\ ILOOHG HSR[\&7%1 FRPSRVLWHV VKRZV VXSHULRU WHQVLOH SURSHUWLHV $GGLWLRQ RI UXEEHU LQFUHDVHV WKH
WRXJKQHVVKRZHYHU LPSURYHPHQWLQ WHQVLOHSURSHUWLHVDQG PRGXOXVLVIRXQG LQWKHSUHVHQFHRI FOD\ ,WLVDOVRIRXQG
WKDW SKU &7%1LQWKHHSR[\ KDV EHWWHULPSURYHPHQWVLQWKHHORQJDWLRQDWEUHDN LQWKHSUHVHQFHRIZW RI FOD\
WKDQ RWKHU FRPSRVLWLRQV DV VKRZQ LQ 7DEOH  )XUWKHUPRUH LW LV SODQQHG WR VWXG\ WKH HIIHFW RI FOD\ RQ WKH
HSR[\&7%1EOHQGVLQGHWDLO7KH FOD\SHUFHQWDJH LV YDULHG IURPZWLH DQG ZW ,WLVDOVRIRXQG
WKDW LQ WKLV RSWLPL]DWLRQ  SKU ZLWK  ZW FOD\ H[KLELWV WKH EHWWHU UHVXOWV DV VKRZQ LQ WKH 7DEOH  7KLV
LPSURYHPHQW LQ WKH PHFKDQLFDO SURSHUWLHVPD\EHGXH WR WKHFOD\ VWDFNVZKLFK KDYLQJJDOOHU\ VSDFLQJ LPSURYHV
DGKHVLRQEHWZHHQPDWUL[HSR[\&7%1DQGILOOHUFOD\
7DEOH 7HQVLOHYDOXHVREWDLQHGE\DGGLWLRQRI YDU\LQJZW FOD\LQ SKU &7%1ZLWKHSR[\V\VWHP
&OD\LQSKU&7%1HSR[\ZW 0RGXOXV03D 7HQVLOHVWUHQJWK03D (ORQJDWLRQDWEUHDN
   
   
   
   
)XUWKHU FOD\ SHUFHQWDJH LQ  SKU HSR[\&7%1 LV YDULHG IURP  DQG ZW ZW FOD\ LV VKRZLQJ EHWWHU
LPSURYHG LQ WHQVLOHVWUHQJWKDQGPRGXOXVDVFRPSDUHGWRDOORWKHUFRPSRVLWLRQV )RU RWKHUFRPSRVLWLRQVPRGXOXV
GHFUHDVHV DIWHU DGGLWLRQ RI  DQG ZW FOD\(ORQJDWLRQ VHHPV WR EH GHFUHDVLQJ DV FOD\ SHUFHQWDJH LV LQFUHDVHG
KRZHYHU DWORZSHUFHQWDJH RIFOD\FRQWHQWHORQJDWLRQ LVIRXQGWREH KLJKHU ,WPD\DOVRFRQFOXGHWKDWGLVSHUVLRQRI
ZW FOD\ LQ FRPSRVLWLRQ RI HSR[\ PDWUL[ LV IRXQG WR EH EHWWHU DV FRPSDUHG WR DOO RWKHU FRPSRVLWLRQV KHQFH
VKRZLQJLPSURYHGPHFKDQLFDOSURSHUWLHV $VFOD\UHLQIRUFHPHQW LQFUHDVHV FHUWDLQOLPLWZKLFK VWDUWVGHFUHDVLQJWKH
WHQVLOH SURSHUWLHV WKDW LVREVHUYHGDIWHUDGGLWLRQRIZWFOD\ ,WFDQDOVREH IRXQG WKDWSURSHUWLHVDUHLPSURYLQJ
ZLWKDGGLWLRQRI FOD\ IURPVPDOOHUZWWRZW +RZHYHU DGGLWLRQRI ZWFOD\LQ UHPDLQLQJ SKU LV QRWVKRZLQJ
LPSURYHPHQW LQWKHPHFKDQLFDOSURSHUWLHV +HQFHDGGLWLRQRIZWRIFOD\LQSKULVIRXQGDEHWWHUFRPELQDWLRQ
IRUWKHLPSURYHGPRGXOXVWHQVLOHVWUHQJWKDQGHORQJDWLRQDWEUHDN
 '\QDPLF0HFKDQLFDO7KHUPDO$QDO\VLV'07$RIHSR[\&7%1EOHQGVLQWKHSUHVHQFHRIFOD\
)LJXUH  GHSLFWVWKHQHDWHSR[\SKU DQGHSR[\&7%1SKUVDPSOH LQWKHSUHVHQFHRIYDU\LQJZWRIFOD\
  DQG  ZW 6WRUDJH PRGXOXV RI SXUH HSR[\ LV KLJKHU WKDQ DOO RWKHU FRPSRVLWLRQ DQG GHFUHDVLQJ ZLWK
WHPSHUDWXUH DV LW ZDV VKRZLQJ EULWWOH QDWXUH 6WRUDJH PRGXOXV GHFUHDVHV DV FOD\ FRQFHQWUDWLRQ LV LQFUHDVLQJ
+RZHYHU VWRUDJH PRGXOXV RI  SKU LQ SUHVHQFH RI  ZW FOD\ LV IRXQG WR EH KLJKHU FRPSDUHG WR  SKU
HSR[\&7%1DQG SKUHSR[\&7%1LQSUHVHQFHRI DQGZWRI FOD\ (IIHFWRIWRXJKHQLQJVKRZVFKDQJHLQ
JODVV WUDQVLWLRQ WHPSHUDWXUH )XUWKHU JRRG H[IROLDWLRQ RI  ZW RI FOD\ UHVXOWHG ULVH LQ VWRUDJH PRGXOXV ZLWK
LQFUHDVH LQ JODVV WUDQVLWLRQ WHPSHUDWXUH 7J ,W LV IRXQG WKDW 7J LQFUHDVHV ZLWK WKH DGGLWLRQ RI FOD\ 7KH FOD\
UHLQIRUFHG FRPSRVLWLRQ VKRZVKLJKHU ORVVPRGXOXV DV FRPSDUHG WRQHDW%XW SKU ZLWKZWFOD\ LV VKRZLQJ
UHGXFHGORVVPRGXOLWKDQQHDWHSR[\ PD\EHGXHWRKLJKHUZWRIILOOHU,WPD\EH DOVR GXHWRDJJORPHUDWLRQRIFOD\
VWDFNVLQ31&/RVVPRGXOXVLVJUHDWHUIRUSKUZWFOD\VKRZVJRRGLQWHUDFWLRQRIFOD\SDUWLFOHVZLWKPDWUL[
'LIIHUHQWLDOVFDQQLQJFDORULPHWU\'6& RIHSR[\&7%1EOHQGVLQWKHSUHVHQFHRIFOD\
*ODVVWUDQVLWLRQWHPSHUDWXUH7J RIWKHSKUQHDWHSR[\DQGSKUHSR[\&7%1ZLWKDQGZLWKRXWDQGZW
 FOD\ LV PHDVXUHG RQ '6& DQG '07$ WR XQGHUVWDQG WKH HIIHFW RI FOD\ RQ WKH 7J ,W ZDV IRXQG WKDW WKHUH LV
LQFUHPHQWLQ7J RIWKHV\VWHPDIWHUDGGLQJZWFOD\LQWKHQHDWDVZHOODVSKUHSR[\&7%1FRPSRVLWLRQV,W
FDQEHFOHDUO\VHHQWKDWLQFUHDVHGFRQFHQWUDWLRQRIUXEEHU&7%1GHFUHDVHVWKH7J RIWKHV\VWHPDVIRXQGLQDQG
SKUV\VWHP 7J REWDLQHG IURP'6&DQG'07$ZHUHFRPSDUHGDV VKRZQLQ7DEOH  ,W LVDOVR IRXQG WKDW WKH
WUHQG REWDLQHGZDV VDPH LQ ERWK'6& DQG'07$ 7KH YDOXHVPD\ FKDQJH IURP LQVWUXPHQW WR LQVWUXPHQW 7KH
VWUXFWXUDOGHIHFWPD\UHVXOWGHFUHDVHG7J RI'6&YDOXHVWKDQ'07$+HQFHPD[LPXPYDOXHVDUH FRQVLGHUHG,WLV
DOVRREVHUYHGWKDWWKHGLIIHUHQFHLQ7J YDOXHVLVUDQJLQJEHWZHHQR&IRU'6&DQG'07$ 7KLVFOHDUO\UHYHDOV
WKDWLPSURYHGPHFKDQLFDOSURSHUWLHV RIZW RIFOD\ UHLQIRUFHPHQW LQ SKU VDPSOHV PD\EHGXHWRWKHXQLIRUP
GLVSHUVLRQDQG H[IROLDWLRQ RIWKHFOD\ILOOHUV
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D6WRUDJHPRGXOXV(¶YHUVXVWHPSHUDWXUHE/RVVPRGXOXV(´YHUVXVWHPSHUDWXUH
)LJ '\QDPLF0HFKDQLFDO7KHUPDO$QDO\VLV'07$RIHSR[\&7%1EOHQGVZLWKFOD\
7DEOH&RPSDULVRQRI JODVVWUDQVLWLRQWHPSHUDWXUH7J REWDLQHGIURP'6&DQG'07$
&RPSRVLWLRQ 7J WKURXJK'6&R& 7J WKURXJK'07$R&
SKU  
SKUZW FOD\  
SKUZWFOD\  
SKU  
SKUZWFOD\  
SKUZWFOD\  
;UD\GLIIUDFWLRQ;5' RIHSR[\&7%1EOHQGVLQWKHSUHVHQFHRIFOD\
)XUWKHUPRUHWRLQYHVWLJDWHWKH GLVSHUVLRQDJJORPHUDWLRQRIFOD\ ;UD\GLIIUDFWLRQ ;5' WHVWLQJZDVSHUIRUPHG
RQWKHSKUDQG SKULQWKHSUHVHQFHRI YDU\LQJFOD\FRQFHQWUDWLRQ )LJXUH  GHSLFWV;5'RI FOD\ 1DQRPHU,(
QHDW HSR[\  SKU DQG  SKU HSR[\&7%1 EOHQGV ZLWK YDU\LQJ FRQFHQWUDWLRQ RI FOD\ 3XUH FOD\1DQRPHU ,(
VKRZVEURDGGLIIUDFWLRQSHDN LQ;5' DWc+RZHYHU IRU QHDWHSR[\ SKU DQGSKUHSR[\&7%1EOHQGV
ZLWKYDU\LQJFRQFHQWUDWLRQRIFOD\ VDPSOHV GRHVQRW VKRZDQ\ ;5' SHDN LQWKH;5'JUDSK LQ WKHFOD\SHDN UDQJH
 c,W LQGLFDWHVFOD\VWDFNVZHUHKLJKO\LQWHUFDODWHGRUH[IROLDWHG'XHWRH[IROLDWLRQ DQG JRRGGLVSHUVLRQ EHWWHU
DGKHVLRQPD\DFKLHYHGEHWZHHQILOOHU FOD\ DQGWKHPDWUL[ HSR[\&7%1ZKLFKPD\H[KLELW LPSURYHG PHFKDQLFDO
SURSHUWLHV +HQFH LWPD\EH LQGLUHFWO\REVHUYHG WKURXJKPHFKDQLFDOWHVWLQJ'07$'6&DQG;5' WKDW LQWHUDFWLRQ
RI FOD\ VXUIDFH ZDV JRRG ZLWK HSR[\&7%1 PDWUL[ 'LVSHUVLRQ RI WKH FOD\ LQ WKH HSR[\&7%1PDWUL[ PD\ EH
GLUHFWO\REVHUYHGWKURXJKVFDQQLQJHOHFWURQPLFURVFRS\6(0
 6FDQQLQJHOHFWURQPLFURVFRS\6(0 RIQHDWHSR[\HSR[\&7%1EOHQGVLQWKHSUHVHQFHRIFOD\
)XUWKHUPRUSKRORJLFDOVWXG\ZDVFDUULHG RQVHOHFWLYH VDPSOHVRQ E\ 6FDQQLQJHOHFWURQPLFURVFRS\6(06(0
SLFWXUHVRI IUDFWXUHVXUIDFHIRU SKUQHDW HSR[\ VKRZVVPRRWKVXUIDFHZLWKFOHDUDQG ORQJIUDFWXUH OLQHV)LJXUH
D$GGLWLRQRI&7%1 UXEEHU LQ WKH HSR[\ DVSKU VKRZVEODFNGRWV LQ VPRRWK HSR[\ VXUIDFH )LJXUHE ,W
SURYHG WKDW WKHUH ZDV D SKDVH VHSDUDWLRQ EHWZHHQ HSR[\ DQG &7%1 UXEEHU PHDQV PDWUL[ GLVSHUVHG GURSOHW
PRUSKRORJ\ LV DFKLHYHG5XEEHU UHPDLQV LQ HSR[\PDWUL[ EXW GRHVQRW HQWHU LQWR HSR[\ OD\HUV+RZHYHU LQ WKH
SUHVHQFHRIFOD\6(0SLFWXUHVKRZV )LJXUHF WKHIRUPDWLRQRILQWHUFRQQHFWHGOD\HUV ,WPD\UHVXOWWKDWDGKHVLRQ
EHWZHHQFOD\DQG HSR[\&7%1 PDWUL[LVIRXQG WREH LPSURYHGDQGYHULILHGE\WHQVLOHWHVWLQJ,WLVDOVREHOLHYHGWKDW
FOD\SDUWLFOHVUHVWULFWRUKLQGHUHGWKHFUDFNSURSDJDWLRQGXULQJDSSOLHGORDGEHIRUHIUDFWXUH%XWVLQFHFOD\SDUWLFOHV
QRWGLVWULEXWHGXQLIRUPO\LQZWFOD\IUDFWXUHVWUHQJWKRI 31& LVIRXQGWREHGHFUHDVHG,WLVDOVRIRXQGWKDWDV
FRQFHQWUDWLRQ RI FOD\ LQFUHDVHV DERYH ZW WKHQ QXPEHU RI IUDFWXUH OLQHV DOVR LQFUHDVHV ZKLFK SURGXFHV YHU\
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URXJK VXUIDFH RI 31& ,W VHHPV DGGLWLRQ RI FOD\ PDNHV V\VWHP EULWWOH EHFDXVH VLOLFDWH OD\HUV FRPH EHWZHHQ WKH
HSR[\FKDLQVDQGGHFUHDVHLQWHUOLQNLQJ
)LJ ;5'RI1DQRPHU,(DQGQHDWHSR[\ SKUDQGSKUHSR[\&7%1EOHQGVZLWKYDU\LQJFRQFHQWUDWLRQRIFOD\
;D[LVLQGLFDWHVSRVLWLRQDQJOHLQ c<D[LVLQGLFDWHVFRXQWV
D SKUQHDWHSR[\ E SKUHSR[\&7%1 F SKU HSR[\&7%1ZWFOD\
)LJ 6(0 RIFU\RIUDFWXUHGVXUIDFHV VKRZLQJSKDVHVHSDUDWLRQEHWZHHQSXUHHSR[\DQGHSR[\ZLWKUXEEHUDQGFOD\
&RQFOXVLRQ
,Q VKRUW UXEEHU WRXJKHQHG HSR[\&7%1 SRO\PHU EOHQG ZDV SUHSDUHG 7KH HSR[\&7%1 FOD\ FRPSRVLWHV ZHUH
VXFFHVVIXOO\ V\QWKHVL]HG 7KH FOD\ FRPSRVLWHV FRQWDLQLQJ  ZW FOD\ UHLQIRUFHPHQW H[KLELWHG WKH LPSURYHG
PHFKDQLFDO SURSHUWLHV FRPSDUHG WRRWKHU FRPSRVLWLRQV7KH DGGLWLRQ RI ZWRI FOD\ LPSURYHG WHQVLOH VWUHQJWK
DURXQG  WHQVLOH PRGXOXV DURXQG  DQG HORQJDWLRQ DW EUHDN GHFUHDVHG E\  WKDQ SXUH HSR[\&7%1
SRO\PHUEOHQGV6WRUDJHPRGXOXVDQGORVVPRGXOXVZHUHIRXQGWREHGHFUHDVHGDVFRPSDUHGWRSXUHVDPSOHVIRURQ
UHLQIRUFLQJ FOD\ DV ILOOHU )RU SKU HSR[\&7%1 FRPSRVLWLRQ  ZW RI FOD\ VDPSOH VKRZV KLJKHU VWRUDJH
PRGXOXVDQGORVVPRGXOXV IRU31&DVFRPSDUHGWRRWKHUFOD\ VDPSOHV 7KHFOD\UHLQIRUFHPHQWLQFUHDVHVWKH7J RI
WKHV\VWHPDVFRPSDUHGWRQHDWV\VWHP,WLVYHULILHGWKURXJK'6&DQG'07$FKDUDFWHUL]DWLRQ 6(0H[KLELWH[WHQW
RIGLVSHUVLRQRIQDQRILOOHU LQWRHSR[\&7%1EDVHGSRO\PHU QDQRFRPSRVLWHV +HQFH LWPD\EHFRQFOXGHG WKDW WKH
HSR[\&7%1FOD\SRO\PHUQDQRFRPSRVLWHV\VWHPLVRSWLPL]HG
5HIHUHQFHV
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